system, inner ear, hair follicles, skin and breast tissue, and important functions for GATA3 in several of these tissues have been shown in knockout and conditional knockout mouse models [8] [9] [10] [11] [12] [13] [14] [15] . In immune cells, GATA3 is best known to function as a master regulator of T helper 2 (T H 2)-cell differentiation. However, in recent years GATA3 has been found to have additional crucial functions in early T-cell commitment, β-selection and CD4 + T-cell development. In this Review, we highlight these newly described roles for GATA3 in T-cell development and differentiation, discuss the relationship of GATA3 with other transcription factors and pathways, particularly T-helper-inducing POZ/ Kruppel-like factor (ThPOK; also known as cKROX) and the Notch signalling pathway (BOX 2) , and describe the recent structural studies that have provided insight into the function of GATA3 in T H 2 cells.
GATA3 before T-cell lineage commitment GATA3 was discovered in a screen that sought to identify factors that bind to the human T-cell receptor-α (TCRA) enhancer 3 . It is among the earliest genes that are expressed by progenitor cells following commitment to the T-cell lineage. As germline deletion of Gata3 results in embryonic lethality 16 , analysis of the role of GATA3 in T-cell development required the generation of chimeric mice by supplementing immunodeficient (recombination-activating gene 2 (Rag2) -/-) blastocysts
Natural killer T (NKT) cells
A subpopulation of T cells that expresses both NK-and T-cell markers. In the C57BL/6 mouse strain, NKT cells express the NK1.1 (NKRP1C) molecule and the T-cell receptor (TCR). some NKT cells recognize CD1d-associated lipid antigens and express a restricted repertoire of TCRs. After TCR stimulation of naive mice, NKT cells rapidly produce interleukin-4 and interferon-γ.
β-selection
The controlled developmental transition beyond the double negative 3 (DN3) stage to the double-positive stage that is limited to T cells which have successfully rearranged their T-cell receptor (TCR) β-chain genes to express a functional cell-surface pre-TCR. The conditional developmental arrest encountered at the DN3 stage is termed the β-selection checkpoint.
with Gata3 -/-embryonic stem cells 17 . In these chimeric mice, T cells were not detected in the spleen and thymus, and there was negligible contribution by Gata3 -/-embryonic stem cells to the generation of the rudimentary Rag2 -/-thymus. By contrast, B-cell and NK-cell development were unaffected. These data led to the conclusion that GATA3 is necessary for T-cell development.
But, is GATA3 expression sufficient for T-cell development? Gata3 mRNA is present in progenitor cells, such as fetal and adult haematopoietic stem cells (HsCs) in both mice and humans, before they commit to the T-cell lineage; this suggests that expression of GATA3 is not strictly T-cell specific [18] [19] [20] [21] [22] . Physiological expression of GATA3 is not sufficient to abrogate the development of progenitor cells into non-T-cell lineages, as indicated by the finding that common lymphoid progenitors (which have a lIN -sCA1 + KIT + Il-7Rα + phenotype) express GATA3 while retaining the potential to develop into B cells and NK cells 23 . However, is forced overexpression of GATA3 in non-T-lineage cells sufficient to divert their development to the T-cell lineage? This issue has been difficult to address for two reasons. first, from a technical standpoint, overexpression of GATA3 in mouse HsCs or fetal human CD3 -CD4 -CD8 -thymocytes in fetal thymic organ cultures (fTOCs) inhibits cell growth and/or induces apoptosis, which makes the analysis of developmental outcomes difficult 24, 25 . second, forced expression of GATA3 in non-T-lineage cells can induce developmental programmes that are normally controlled by other GATA family proteins (such as GATA1 and GATA2). for example, overexpression of GATA3 in mouse HsCs diverted these cells to develop into erythroid and megakaryocytic lineages, which are cell fates that are usually specified by GATA1 (ReF. 24) . so, although GATA3 is clearly required for T-cell lineage development, its function before T-cell commitment remains unclear. The physiological role of GATA3 in early progenitor-cell populations (such as HsCs, which co-express GATA3 and GATA2 (ReF. 19) ) must be defined in the future by conditional knockout approaches to discriminate the non-redundant functions of related GATA proteins.
During early T-cell development, Gata3 mRNA is detectable in HsCs, and the mRNA levels increase as development proceeds through the lymphoid-progenitor and double negative (DN)-subset (DN1, DN2 and DN3) stages 26, 27 . This expression pattern led to the suggestion that GATA3 expression occurs downstream of the Notch signalling pathway, which is known to be crucial for T-cell development. Indeed, uncommitted precursors that are cultured with OP9 stromal cells which express the Notch ligand Delta-like ligand 1 (Dll1; the OP9-DLL1 culture system) 28 are forced to develop into T cells and their expression of GATA3 is upregulated [29] [30] [31] ; this effect is reversed when the Notch ligands are removed 31 . As the Notch signalling pathway is both necessary and sufficient for T-cell Proximal  zinc-finger motif   Distal  zinc-finger motif   1  30  74  132  214   263  287  318  341  443 342 370 Figure 1 | Functional domains and essential amino acids in mouse gATA-binding protein 3. GATA-binding protein 3 (GATA3) has two amino-terminal transactivation domains, TA1 and TA2, and two zinc-finger motifs, each of which is followed by a conserved basic region. The carboxy-terminal (distal) zinc-finger motif binds the canonical GATA motif, WGATAR (in which W denotes A or T, and R denotes A or G). The N-terminal (proximal) zinc-finger motif seems to have broader specificity, such that the fourth position of the GATA motif can be any nucleotide 111 . Amino acid residues marked in blue were shown in a recent crystal structure of the distal zinc-finger motif to make direct contact with DNA bases 111 . Arginine 364 inserts deeply into the minor groove of DNA, and mutation of this residue to alanine significantly disrupts binding to the WGATAR motif 111 . Residues marked in red have been shown to be involved in GATA3 function. For example, mutation of the amino acids KRR between the two zinc-finger motifs confers dominant negative or hypomorphic function. The YxKxHxxxRP motif (in which x indicates any amino acid) is conserved between species, and mutation of any amino acid in this motif abrogates T helper 2 (T H 2)-type cytokine production and DNA binding 107 . Methionine 368 in GATA3 (which is equivalent to proline 321 in GATA4) seems to be involved in the efficient induction of interleukin-13 (IL-13) production by GATA3 (ReF. 70) . The NRPL motif that follows the distal zinc-finger motif forms the interface between two GATA3 molecules recognizing DNA sequences that contain closely arranged GATA motifs, which indicates that it may have a role in GATA3 homodimerization 111 .
Fetal thymic organ culture (FTOC) . A system for culturing fetal thymi on a filter that is suspended over culture medium. FTOC allows the growth of the organ for a longer period than would be allowed by the viability of the embryo and/or under various experimental conditions (for example, by the addition of growth factors to the medium).
Double negative (DN) subset
The most immature thymocytes, which lack expression of the co-receptors CD4 and CD8. This compartment can be further subdivided on the basis of CD44 and CD25 expression into four subpopulations: DN1 (CD25 -CD44 + ), DN2 (CD25 + CD44 + ), DN3 (CD25 + CD44 -) and DN4 (CD25 -CD44 -).
OP9-DLL1 culture system
A culture system in which stromal cells that are derived from osteopetrotic Op/Op mice (OP9 cells) are stably transduced to overexpress the Notch ligand Delta-like ligand 1 (DLL1) to promote T-cell lineage development of co-cultured progenitor cells. OP9 cells are useful in co-cultures that are initiated with myeloid progenitor cells because they do not produce macrophage colony-stimulating factor 1, which can cause excessive generation of macrophages and prevent the development of lymphoid cells.
commitment in vivo 32, 33 , a simple model would predict that Notch signals in the thymus promote T-cell commitment by directly or indirectly upregulating GATA3 expression and by suppressing B-cell commitment through the inactivation of B-cell-specifying factors.
If this model were correct, forced expression of GATA3 in the absence of Notch signalling would be expected to promote T-cell development. However, a recent study from the Rothenberg laboratory 34 shows that the relationship between Notch and GATA3 is more complex and that constraining GATA3 expression is important to avoid cell death and alternative lineage specification. using the OP9-Dll1 culture system, these investigators showed that the growth of purified HsCs (lIN -sCA1 + KIT + ), lymphoid progenitors (lIN -sCA1 + KIT + CD27 + flT3 + Il-7Rα + ) or DN thymocytes was inhibited by the overexpression of GATA3. moreover, the development of fetal (embryonic day 14.5) thymocytes (which include DN cells) that overexpress GATA3 was arrested at the DN1 and DN2 stages when the thymocytes were cultured under T-cell-promoting conditions (that is, in the presence of Notch ligands) 34 , an effect that is similar to the toxic effects of GATA3 that have been observed in human fTOCs 25 . under B-cellpromoting conditions (that is, in the absence of Notch ligands), GATA3 overexpression failed to induce the differentiation of lymphoid progenitors (or of fetal liver cells) into T cells 34, 35 . In addition, the absence of GATA3 expression was detrimental to the survival of the progenitor cells, as GATA3-deficient fetal liver cells were markedly depleted from OP9 co-cultures despite expressing the active, intracellular domain of Notch1 (ReF. 35) . so, in the absence of Notch signalling, GATA3 overexpression is not sufficient to drive T-cell differentiation, and in the presence of Notch signalling, either GATA3 overexpression or lack of expression is toxic. This suggests that the expression of GATA3 must be kept 'just right' for thymocyte survival and development.
unexpectedly, overexpression of GATA3 by DN1 and DN2 thymocytes that were cultured in the absence of Notch ligands resulted in their differentiation into mast cells, as indicated by the upregulation of canonical mast-cell genes and a characteristic mast-cell morphology 34 . Overexpression of GATA3 by cells at the later, DN3 stage of development did not lead to the induction of the mast-cell developmental programme, indicating that the window for the diversion of progenitor cells to the mastcell lineage by GATA3 expression is narrow. As GATA1 and GATA2, but not GATA3, are normally expressed by mast cells, the forced overexpression of GATA3 that was used in this study does not necessarily indicate a physio logical role for GATA3 during the terminal stages of mast-cell development. The finding that GATA proteins induce their own expression 36, 37 may be relevant in this setting, as GATA3 overexpression probably induces the mast-cell developmental programme indirectly through autoactivation of GATA1 and/or GATA2 expression. These studies show that keeping the expression of GATA3 (or perhaps of any GATA protein) at the appropriate level in DN1 and DN2 cells is essential to suppress their development into alternative cell lineages. Together, these data suggest that Notch signals regulate thymocyte development by maintaining the expression of T-cell-specific genes, by preventing the induction of non-T-cell-specific transcriptional programmes and, if necessary, by leading to the death of cells that express GATA3 at high levels. Although it is clear that Notch signalling precedes the upregulation of GATA3 expression by DN thymocytes, there is no evidence indicating that GATA3 expression is directly regulated by Notch. so, in the presence of Notch signals, the developmental outcome of regulated GATA3 expression seems to be influenced by other cell-type and stage-specific factors.
GATA3 after T-cell-lineage commitment
The life of a T cell can be said to begin after the β-selection checkpoint, when DN3 thymocytes are tested for 'fitness' based on their ability to rearrange and express a functional pre-TCR. signalling through the pre-TCR in DN3 thymocytes first induces the downregulation of CD25 expression to become DN4 cells. After a period of rapid proliferation, DN4 cells upregulate their expression of the CD4 and CD8 coreceptors following signalling through the pre-TCR. 112, 113 . Unlike conventional T cells, overexpression of GATA-binding protein 3 (GATA3) in iNKT cells leads to little change in T H 2-type cytokine production, implying that GATA3 may not be crucial for this function in iNKT cells 114 . However, recent loss-of-function studies have shown that GATA3 has important roles in the development and function of peripheral iNKT cells.
Mice in which Gata3 is deleted using Cd4-Cre were found to have near normal numbers of thymic iNKT cells, although they matured abnormally and, interestingly, had a selective loss of CD4 + iNKT cells despite preserving double negative (DN) iNKT-cell numbers 115 , which is reminiscent of the loss of conventional CD4 + T cells 39 . In contrast to the normal number of iNKT cells in the thymus, there was a sixfold reduction in the number of iNKT cells in the spleen and an almost complete lack of iNKT cells in the liver. Those peripheral iNKT cells that did develop did not mature normally, as shown by a failure to upregulate CD69 expression and a higher rate of apoptosis, which might explain the decreased iNKT-cell numbers. Finally, peripheral iNKT cells from GATA3-deficient mice were unresponsive to the exogenous agonist α-galactosylceramide in vivo. The refractory state could be overcome by stimulation with phorbol myristate acetate and ionomycin, which indicates that the defect was at the level of receptor-proximal signalling, but only for the production of interferon-γ (ReF. 115) . Stimulated GATA3-deficient cells still produced low levels of T H 2-type cytokines, including interleukin-4 (IL-4), IL-5 and IL-13, which suggests that GATA3 has a similar role in iNKT cells and conventional T cells 94, 95 . 
R E V I E W S

T-c E l l D I V E R S I T y Positive selection
The process by which immature CD4 + CD8 + thymocytes expressing T-cell receptors with low affinity and/or avidity for self-peptide-MHC complexes are induced to differentiate into mature CD4 + and CD8 + thymocytes.
Negative selection
The process by which CD4 + CD8 + thymocytes expressing potentially autoreactive T-cell receptors are induced to undergo apoptosis in the thymus.
Cre-loxp technology
A site-specific recombination system that is used to delete a gene in mouse cells using Cre recombinase. Two short DNA sequences (loxP sites) are engineered to flank the target DNA. expression of Cre recombinase leads to excision of the intervening sequence. Depending on the type of promoter, Cre can be expressed at specific times during development or by specific sets of cells, including embryonic stem cells.
Annexin V
A molecule that binds phosphatidylserine, which is usually located on the inner leaflet of the plasma membrane but flips to the outer leaflet during apoptosis. Positive staining with annexin V is an indicator of apoptosis.
This leads to the formation of double positive (DP) thymocytes, in which the TCRA locus is rearranged. TCRαβ-expressing thymocytes then undergo positive selection, negative selection and commitment to the CD4 or CD8 single positive (sP) lineages. The expression of GATA3 is upregulated in thymocytes between the DN3 and DN4 stages 38 , although the levels of Gata3 mRNA do not change markedly after β-selection and tend to decrease by the DN4 stage 26, 27 . using mice in which Gata3 was specifically deleted in thymocytes at the DN3 stage of development, GATA3 was shown to be required for optimal β-selection in vivo 39 . Deletion of Gata3 led to an accumulation of DN3 cells and a reduction of DN4, DP and sP cells. DN3 cells that lack GATA3 expression failed to undergo the increase in cell size that accompanies pre-TCR expression, and most DN4 cells lacked TCRβ expression 39 . It remains unclear how a lack of GATA3 impairs β-selection. Interestingly, conditional inactivation of Notch1, of the Notch signalling co-repressor recombination-signal-binding protein for immunoglobulin-κ J region (RBPJ; also known as Csl) or of the transcription factor myB at the DN3 stage of development also led to a partial block in development and an accumulation of TCRβ − DN4 cells [40] [41] [42] . In two of these studies, the developmental block was associated with defective Tcrb gene rearrangement 40, 42 . By contrast, GATA3-deficient DN3 thymocytes have intact rearrangement and normal levels of Tcrb mRNA but no TCRβ protein, which suggests that GATA3 controls the expression of TCRβ at a post-transcriptional level. These data are consistent with the idea that during β-selection, Notch signalling and GATA3 function sequentially, such that Notch1 controls Tcrb gene rearrangement and GATA3 controls TCRβ protein expression.
However, these studies should be interpreted with caution owing to the known limitations of models that are based on the conditional deletion of genes using Cre-loxp technology under the control of the proximal Lck promoter, which can result in incomplete or delayed excision of the targeted gene 39, 43, 44 . maillard et al. 45 used an alternative strategy to abolish all Notch signalling, in which a dominant-negative form of the Notch signalling co-activator mastermind-like 1 (mAml1) was linked to green-fluorescent protein (GfP) and expressed in a conditional manner under the control of the proximal Lck promoter. In this model, expression of the dominantnegative form of mAml1 would prevent the transcription of Notch target genes and cells that were incapable of Notch signalling would be detected by GfP expression. By excluding ~50% of the DN3 cells that did not express dominant-negative mAml1 (GfP -DN3 cells) and then injecting the GfP + DN3 cells into the thymus of irradiated recipient mice, maillard et al. showed that defective Notch signalling in thymocytes resulted in a complete block in the generation of DP cells, which contrasts with the partial block that had been reported previously 41, 42, 45 . They also observed that loss of Notch signalling causes a downregulation of the expression of CD25, which is a potential direct target of Notch. These data indicate that the 'DN4' cells (as defined by their CD25 -CD44 -phenotype) that were shown to lack TCRβ expression in Lck-Cre-driven Notch1-deficient (or GATA3-deficient) mice were not true DN4 cells but instead were DN3 cells that had failed to develop further and had downregulated CD25 expression. Therefore, the failure of DN3 thymocyte development may be more complete than the LckCre-driven deletion models would suggest, and lack of TCRβ expression may not be the cause of the block in development. Indeed, forced expression of Tcrab transgenes to restore TCRβ levels failed to correct the block in thymocyte development in Notch1-and GATA3-conditional-knockout mice 39, 45 . These observations indicate that GATA3 either is required for the effects of pre-TCR signalling or functions in parallel with pre-TCR signalling, perhaps by promoting cell survival or inhibiting apoptosis. A role for GATA3 in the inhibition of apoptosis is supported by our recent findings that annexin V staining is increased and proliferation is decreased (as indicated by lower rates of 7-aminoactinomycin D uptake) in GATA3-deficient 'DN4' cells compared with wild-type DN4 cells 39 (s.-y.P. and I.-C.H., unpublished observations). so, although GATA3 is required for optimal β-selection, the exact mechanism by which GATA3 mediates β-selection remains unclear.
GATA3 and CD4
+ T-cell development Rearrangement of the TCRa locus following β-selection is the first step towards positive selection, negative selection and CD4-or CD8-lineage choice. Although these processes occur simultaneously in DP thymocytes, the regulation of each process is distinct at the transcriptional level. We refer the reader to the many excellent reviews on CD4/ CD8-lineage choice that have been published recently [46] [47] [48] [49] [50] [51] , and focus here on several recent advances in our understanding of CD4 + T-cell development. more specifically, we compare and contrast the roles of thymocyte selectionassociated high-mobility group box (TOX), ThPOK and myB with the role of GATA3 in CD4 + T-cell development. These factors are involved in different stages of CD4 + T-cell development: modulation of positive selection, control of CD4-or CD8-lineage determination and support of CD4 + T-cell survival following lineage commitment.
Box 2 | The Notch signalling pathway
Notch is part of an ancient signalling pathway that has a crucial role in T-cell development and is conserved from Caenorhabditis elegans to mammals (reviewed in ReFs 116, 117) . Notch proteins are a family of type I transmembrane proteins. There are four Notch receptors (Notch1, Notch2, Notch3 and Notch4) in mammals that can interact with five transmembrane ligands, Delta-like ligand 1 (DLL1), DLL3, DLL4, Jagged1 and Jagged2. In the canonical mammalian Notch signalling pathway, ligand binding triggers the cleavage of Notch by ADAM (a disintegrin and metalloproteinase) family protease, which results in the release of the Notch extracellular domain. The remaining membrane-tethered fragment of Notch undergoes two intramembranous cleavage events by the γ-secretase activity of a membrane protein complex containing presenilin, which yields the Notch intracellular domain. The intracellular domain of Notch can translocate to the nucleus and interact with the transcription co-repressor recombination-signal-binding protein for immunoglobulin-κ J region (RBPJ; also known as CSL). The interaction between intracellular Notch and RBPJ converts RBPJ into an activator complex. Recruitment of co-activators, such as p300 and Mastermind-like proteins, results in the transcription of target genes.
Modulating positive selection. Both positive selection and lineage determination require engagement of the TCR with mHC molecules, and the duration and/or strength of the signals transduced, together with the contribution of co-receptor-mediated enhancement of TCR-mHC interactions, are thought to influence the outcome of self antigen recognition [52] [53] [54] . short-lived or weak interactions in the context of CD8 co-receptor downregulation are thought to lead to CD8 + T-cell commitment, whereas prolonged or strong interactions are thought to lead to CD4 + T-cell commitment [55] [56] [57] . 62 . Positive selection is intact in these mice, but thymocytes that are destined for the CD4 lineage divert to the CD8 lineage, which suggests that the processes that regulate positive selection and lineage determination are distinct 63 . Analysis of these mice by independent investigators using different approaches showed that the phenotype of the helper-deficient mice was caused by a point mutation in Zbtb7b (zinc-finger-and BTBdomain-containing 7B). They also observed that ThPOK (the transcription factor that is encoded by Zbtb7b) was both necessary and sufficient for the specification of the CD4 lineage 64, 65 . Indeed, CD4 sP thymocytes developed in helper-deficient mice that were transgenic for both wild-type ThPOK and any of three different mHC class I-restricted TCRs, which shows that ThPOK is sufficient for directing the development of positively selected cells to the CD4 lineage 64, 65 . In addition, two recent publications have shown that ThPOK prevents the downregulation of CD4 expression, stabilizes its own expression and inhibits the expression of runt-related transcription factor 3 (RuNX3), which promotes the development of CD8-lineage cells 66, 67 .
Supporting post-commitment CD4
+ T-cell survival. In contrast to ThPOK deficiency, which abrogates CD4-lineage commitment, GATA3 deficiency impairs CD4 + T-cell survival or maintenance after lineage commitment.
Transgenic expression of GATA3 in adult mice suppressed CD8 + T-cell development but did not promote CD4 + T-cell development 68 . By contrast, retroviral expression and knockdown studies in fetal thymocytes showed that GATA3 promotes CD4 + T-cell development at the expense of CD8 + T-cell development 69, 70 . mice in which GATA3 expression is conditionally ablated under the control of Cd4-Cre have normal maturation of CD8 sP thymocytes but show a marked reduction in the number and percentage of CD4 sP thymocytes 39 . Transitional post-selection thymocytes and CD8 + T cells developed nearly normally in these mice, which indicated that positive selection did take place. Indeed, GATA3-deficient DP thymocytes in this study showed normal early TCR signalling, as measured by protein tyrosine phosphorylation and the upregulation of CD69 expression. In addition, CD8 + T-cell numbers were not increased, which implied that lineage determination was also not impaired. When the GATA3-deficient mice were crossed with mice that express the mHC class II-restricted TCR transgenes AND or DO11.10, neither CD4 nor CD8 sP thymocytes developed, thereby showing that GATA3 deficiency did not divert developing CD4 + thymocytes to the CD8 lineage 39 (I.-C.H. and s.-y.P., unpublished observations). so, these results led us to propose that GATA3 is not required for lineage commitment but instead is necessary for the maintenance of CD4 sP thymocytes after lineage commitment has occurred.
The idea that factors such as ThPOK regulate lineage commitment, whereas factors such as GATA3 regulate the survival and maintenance of CD4 sP thymocytes following lineage commitment is further supported by studies of mice that are deficient in myB. Cd4-Cre-mediated T-cell-specific deletion of Myb also led to a reduction in the CD4 + to CD8 + T-cell ratio 40 , mainly owing to a decrease in the number of CD4 sP cells. similarly to observations in Gata3-conditional-knockout mice, introduction of an mHC class II-restricted TCR transgene (OT-II) to Myb-conditional-knockout mice did not rescue the development of CD4 sP cells or divert the development of transgene-positive cells into the CD8 + T-cell lineage. In addition, overexpression of a constitutively active form of myB resulted in a block in the development of CD8 sP cells 71 , an effect that is similar to that observed following forced expression of GATA3 in fetal thymocytes. Interestingly, the upregulation of GATA3 expression by positively selecting TCR signals is reduced in myB-deficient DP thymocytes, suggesting that myB and GATA3 work sequentially 71 . Consistent with this observation, chromatin immunoprecipitation and reporter assays showed that myB binds directly to the Gata3 promoter 71 .
Crosstalk between GATA3 and other factors: beyond a sequential model. On the basis of these studies, a simple model could be proposed to assign a role for each transcription factor at different stages of CD4 sP thymocyte development. In this model, TOX drives CD4 
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are maintained by the expression of GATA3 and myB (FIG. 2) . However, this model has been challenged by a recent publication that supports a more complicated relationship between GATA3 and ThPOK. In contrast to previous work, Wang et al. 72 show that GATA3-deficient mice that are crossed with mice expressing the high-affinity mHC class II-restricted TCR transgene 5CC7 develop mHC class II-restricted CD8 + T cells, albeit 10-20-fold less efficiently than when ThPOK is absent. They also found that GATA3 binds to the Zbtb7b promoter and that GATA3-deficient positively selected CD69 + thymocytes had a marked decrease in ThPOK protein levels. These observations suggested that GATA3 controls the expression of ThPOK, possibly by direct transactivation, and raised the possibility that the failure of GATA3-deficient CD4 sP thymocytes to develop is due to the lack of ThPOK upregulation. Indeed, the lack of CD4 sP thymocyte development in GATA3-deficient mice 39 could be due to an inability of these cells to commit to the CD4 lineage rather than a failure to survive after lineage commitment. However, when a Zbtb7b transgene was introduced into GATA3-deficient thymocytes under the control of the Cd2 promoter to ensure expression by developing thymocytes, the development of mature CD4 sP thymocytes was not restored, although the development of mature CD8 sP thymocytes was still inhibited 72 . Therefore, GATA3 seems to act both upstream and downstream of ThPOK during CD4 + T-cell development, but is dispensable for ThPOK-mediated inhibition of CD8 + T-cell development. This model is consistent with the observation that TCR stimulation upregulates GATA3 expression in DP thymocytes 69 , but only induces ThPOK expression in the small subset of positively selected transitional thymocytes 72 . Therefore, although GATA3 is required for the upregulation of ThPOK expression, the finding that ThPOK overexpression could not restore CD4 sP thymocyte development indicates that GATA3 has additional roles in supporting the survival of CD4 sP thymocytes after lineage commitment.
Recent data provide further insight into the possibility of crosstalk between GATA3, ThPOK and other transcription factors. The low level ThPOK expression that is normally present in CD4 mid CD8 mid thymocytes is absent in Tox -/-mice, which suggests that TOX upregulates ThPOK in thymocytes at this stage of development 61 . A 500 base pair regulatory element that is located at the 5′ end of the Zbtb7b locus was recently found to be required for the suppression of ThPOK expression in cells other than transitional and CD4 + sP cells. This region was sufficient to drive lineage-specific ThPOK expression and therefore can be said to have both silencer and enhancer activity 73, 74 . The region contains binding sites for RuNX, GATA3, e-box-binding proteins and nuclear factor-κB 73, 74 . Together with the observation that GATA3 is required for the expression of ThPOK, we propose that GATA3 cooperates with prolonged TCR signals in transitional thymocytes to upregulate the expression of ThPOK, which in turn might cooperate with GATA3 in promoting post-commitment survival.
GATA3 in T H 2-cell differentiation and function
following triggering of the TCR by antigen ligation, peripheral naive CD4 + T cells differentiate into effector T cells that produce high levels of cytokines. Based on the cytokines they produce, effector T cells can be divided into T H 1-, T H 2-, T H 17-and regulatory T-cell subsets. The cytokine milieu, signalling transduction pathways and key transcription factors that are required for the differentiation of each functional CD4 + T-cell subset have been the subject of intense investigation (for reviews, see and others in this issue of Nature Reviews Immunology 80, 81 ).
STAT6-dependent pathway.
A role for GATA3 in T H 2-cell differentiation is well known, as expression of GATA3 is induced by the T H 2-cell-inducing cytokine interleukin-4 (Il-4) in a signal transducer and activator of transcription 6 (sTAT6)-dependent manner 82 . ligation of the TCR in naive CD4 + T cells leads to the upregulation of the levels of IL4 mRNA within several hours 83 and of Gata3 mRNA within 24 hours 84 . GATA3 facilitates the conversion of the IL4-IL5-IL13 locus to an open conformation; this allows other transcription factors that are involved in T H 2-cell differentiation to access this locus [85] [86] [87] [88] . GATA3 also inhibits the expression of interferon-γ (IfNγ) and directly transactivates IL5 and IL13. A positive-feedback loop that further induces the expression of GATA3 and reinforces the differentiation of T H 2 cells is established through the production of high levels of Il-4 and the autoactivation of GATA3 expression 36 (FIG. 3) . The source of the initial Il-4 that begins the sTAT6-dependent positive-feedback loop during in vivo T H 2-cell responses is still unclear. Current data suggest that the initial Il-4 may be contributed by memory CD4 + CD44 + T cells, naive CD4 + T cells and innate immune cells, such as basophils 84, [89] [90] [91] (FIG. 3) .
Although the important role of GATA3 in sTAT6-dependent T H 2-cell differentiation has been known for some time 36, 82, 92, 93 , more recent studies in GATA3-deficient mouse models have provided further confirmation that GATA3 is important for T H 2-cell differentiation in vitro and in vivo 94, 95 . GATA3-deficient T H cells showed a marked defect in their ability to differentiate into T H 2 cells and instead differentiated into IfNγ-producing cells even in conditions that were optimized for T H 2-cell polarization. Interestingly, however, GATA3 was shown to be required for the continuous production of Il-5 and Il-13, but not for maintaining the expression of Il-4 and Il-10 by T H 2 cells 95 (s.-y.P. and I.-C.H., unpublished observations).
STAT6-independent pathway: Notch signalling promotes T H 2-cell differentiation through GATA3. The observation that T H 2-cell differentiation can still occur in the absence of sTAT6, albeit at markedly reduced efficiency [96] [97] [98] , led to the suggestion that sTAT6-independent pathways of T H 2-cell differentiation and GATA3 expression exist. Consistent with this hypothesis, two recent studies indicate that Notch signals directly regulate the transcription of Gata3 and are essential for mounting T H 2-cell responses 99, 100 . In one of the studies 99 , Notch signals were abrogated by a T-cell-specific deletion of the co-repressor RBPJ or of both Notch1 and Notch2. In the second report 100 , conditional expression of dominantnegative mAml1 was used to inhibit Notch signals in naive CD4 + T cells. Both studies showed that T H 2-cell responses in vivo (as indicated by basal levels of the T H 2-cell-dependent antibody isotypes Ige and IgG1) and/or Nature Reviews | Immunology + T cells, leading to the cleavage of transmembrane Notch and consequently the release of the active intracellular domain of Notch. Intracellular Notch then interacts with recombinationsignal-binding protein for immunoglobulin-κ J region (RBPJ) and converts it into a transcriptional activator. This allows RBPJ to recruit Mastermind-like 1 (MAML1) and p300. The intracellular-Notch-RBPJ-MAML1-p300 complex can bind to and transactivate the distal promoter of Gata3, which is located upstream of exon 1a, leading to the production of IL-4 by the newly activated CD4 + T cells. IL-2 can activate STAT5A, which binds to two DNase I hypersensitive sites in the second intron of IL4, resulting in the production of IL-4. Signals through the T-cell receptor (TCR) can also induce early IL-4 production, a process that is probably mediated by nuclear factor-κB (NF-κB). The binding sites for STAT6 or NF-κB in Gata3 remain to be determined. b | The initial burst of GATA3 and IL-4 expression (induced dependently or independently of STAT6) then reinforces the expression of GATA3 through a positive-feedback loop or through GATA3 autoactivation. The cis-acting element that is responsible for GATA3 autoactivation is unknown. GATA3 modifies the IL4-IL13-IL5 locus to create a conformation that is accessible to various other transcription factors that are involved in driving the differentiation of T cells into T H 2 cells. γ c , common cytokine-receptor γ-chain; IL-4R, IL-4 receptor.
T H 2-cell differentiation in vitro were markedly impaired in the absence of Notch signals under physiological or non-polarizing conditions. using a reciprocal approach, forced expression of the intracellular domain of Notch increased Il-4 production and GATA3 expression, even in sTAT6-deficient T cells.
Gata3 transcription can be initiated from two promoters, which are positioned ~10 kb apart, generating two distinct non-coding first exons that become spliced to a common second exon 101 . Both promoters are used to transcribe Gata3 in T cells, whereas the distal promoter (upstream of exon 1a) is mainly used in brain tissue. The distal promoter upstream of exon 1a was shown to contain a consensus binding site for RBPJ and was responsible for the induction of Gata3 transcription by Notch signalling 99 . Intracellular Notch and GATA3 have been shown to cooperate in the induction of GATA3 and Il-4 expression through a sTAT6-independent mechanism 100 . Although GATA3 can induce T H 2-cell differentiation independently of Notch signalling, Notch signals require GATA3 expression to promote T H 2-cell responses, as overexpression of intracellular Notch in T H cells that are deficient in GATA3 or that express a dominant-negative form of GATA3 resulted in little Il-4 production.
STAT6-independent pathway: IL-2 receptor signalling boosts early IL-4 production.
A second sTAT6-independent pathway of T H 2-cell differentiation has been described by William Paul's group 84, 102, 103 , which has provided extensive evidence for a crucial role for Il-2 receptor (Il-2R) signalling through sTAT5A in T H 2-cell differentiation. exposure of naive T cells to exogenous Il-2 or forced expression of a constitutively active form of sTAT5A (sTAT5A1*6) in non-polarizing or T H 1-cell-polarizing conditions (that is, in cells that express low but detectable levels of GATA3) led to increased T H 2-cell differentiation 102 . Accordingly, T H 2-cell differentiation in vitro and in vivo was impaired in the absence of Il-2R signalling through sTAT5A 84, 103 .
A role for Il-2R signalling in T H 2-cell differentiation is consistent with the observation that T H 2 cells express higher levels of CD25 (the α-chain of Il-2R) and are therefore more sensitive to Il-2 than T H 1 cells 104 . The effect of sTAT5A1*6 in promoting T H 2-cell differentiation was still apparent, albeit to a lesser degree, in sTAT6-deficient T cells 103 , suggesting that the mechanism by which sTAT5A1*6 promotes T H 2-cell differentiation does not depend on sTAT6. Il-2-induced sTAT5A activation resulted in epigenetic modifications of IL4 at locations that were different to those modified by GATA3, and this led to the induction of Il-4 production by T H cells 103 . In addition, sTAT5A and GATA3 were found to cooperate in the promotion of T H 2-cell differentiation 103 . One unexpected finding was that forced expression of sTAT5A1*6 was sufficient to cause the production of T H 2-type cytokines and the inhibition of expression of the T H 1-cell-associated transcription factor T-bet, but did not induce GATA3 expression 102 . This suggests that the Il-2R-sTAT5A signalling pathway can drive T H 2-cell differentiation in a GATA3-independent manner. However, forced expression of sTAT5A1*6 alone was not sufficient to induce the differentiation of GATA3-deficient T cells into T H 2 cells 95 . These paradoxical observations fail to explain how Il-2R-sTAT5A signalling promotes T H 2-cell differentiation in the absence of sTAT6 (therefore, in the absence of the Il-4-sTAT6 positive-feedback loop) despite inducing the expression of Il-4 but not of GATA3 (therefore, in the absence of GATA3 autoactivation).
Together, these studies indicate that T H 2-cellpolarizing signals other than Il-4 can promote T H 2-cell differentiation through sTAT6-independent mechanisms. Notch signals promote T H 2-cell differentiation by driving the expression of GATA3 (and subsequently Il-4), and Il-2R-sTAT5A signals by directly inducing the production of Il-4 in newly activated naive T cells. These findings, together with data showing that Il-4 production hours after TCR triggering is abrogated in GATA3-deficient naive T cells 84 , indicate that both sTAT6-dependent and sTAT6-independent pathways of Il-4 production require GATA3 (FIG. 3) .
Structural insights into GATA3 function
The six mammalian GATA family members are highly homologous, sharing the GATA-binding motif and their general structural organization (FIG. 1) . Here, we review studies that delineate the important structural elements of GATA3. We also discuss the hypothesis that GATA3 has evolved structural features that are distinct from other GATA family members and that are involved in controlling the production of T H 2-type cytokines.
most structure-function studies have investigated the ability of GATA3 mutants in which large domains have been deleted to induce the production of T H 2-type cytokines when expressed in developing T H 1 cells (TABLe 1) . Deletion of the transactivation domains, which were defined in early reporter-assay studies, abrogated GATA3 function, as did deletion of the distal zincfinger motif 87, 105, 106 . The function of the proximal zinc-finger motif is less clear, as two groups found that it was dispensable 87, 106 and another found that it was required 105 for the production of Il-4. The apical C-terminal amino acids of GATA3 (371-443) were found to be dispensable for T H 2-type cytokine production 70, 107 (FIG. 1). studies of GATA3 in which the three amino acids at positions 305-307 between the two zinc-finger motifs have been mutated (referred to as the KRR mutant) (FIG. 1) have provided insights into the function of GATA3. The KRR mutant was shown to have dominant-negative activity in reporter assays 108 , impaired binding to GATA doublet elements (as found in the IL5 promoter) and reduced ability to induce Il-5 and Il-13 production in vivo when expressed as a transgene, probably by acting as a competitive inhibitor of endogenous GATA3 (ReF. 109) . In many contexts, however, the KRR mutant functions as a hypomorphic mutant of GATA3, inducing T-cell differentiation in early pre-committed lymphocyte precursors, development of thymocytes to the CD4 lineage and IL4 locus remodelling in T H 1 cells, although less efficiently than native GATA3 (ReFs 34,69,82,106 ).
more recently, key amino acids in the region following the second zinc-finger motif (residues 342-370) have been identified (FIG. 1) . In mouse T H 2 cells, deletion of amino acids 349-355 or point mutations in this region, which has a conserved yxKxHxxxRP motif (in which x denotes any amino acid) abrogates all GATA3 functions, including the induction of T H 2-type cytokine production and histone hyperacetylation of T H 2-type cytokine loci, and reduces DNA binding in vitro 107 . further downstream of the yxKxHxxxRP motif, amino acids NRKmss (365-370) are also essential for T H 2-cell function, as a deletion mutant that lacks the C-terminal tail up to and including these six residues could not induce the production of T H 2-type cytokines or suppress IfNγ production. By contrast, a mutant that includes NRKmss has activity that is comparable to that of wild-type GATA3 (ReF. 70) .
Comparison of the activity of GATA3 with the activity of related GATA family members that are not normally expressed in T cells showed that the region following the zinc-finger motifs of GATA3 specifically drives the production of Il-13 in CD4 + T cells 70 . The T-cell-specific expression of GATA3 raises the question of whether the unique functions of GATA3 are a result of its expression pattern or of biochemical features that distinguish it from other GATA family members. To address this question directly, we tested whether another GATA family member, GATA4, or GATA fusion proteins could substitute for the T-cellspecific functions of GATA3 (ReF. 70) . We found that GATA4 supported CD4 + thymocyte development in reaggregated fTOCs and suppressed IfNγ production and GATA3 expression in developing T H 1 cells. However, GATA4 induced less Il-4 production than GATA3 and did not induce Il-5 or Il-13 production 70 . Interestingly, we found that replacing the entire zincfinger motif and post-zinc-finger region of GATA4 with that of GATA3 restored the production of Il-13 without affecting Il-4 or Il-5 production. In addition, a single amino-acid substitution in GATA4 that replaced proline 321 with methionine (equivalent to methionine 368 of GATA3) had the same effect 70 . Therefore, different structural features of GATA3 are important for the production of Il-13. A study showing that protein inhibitor of activated sTAT1 (PIAs1) binds to GATA3 in T H 2 cells and controls Il-13 production, but not Il-5 or Il-4 production, indicates that distinct co-activators may be recruited for the expression of individual cytokines 110 .
Conclusions and future directions
In this Review, we have discussed recent data that have expanded the role of GATA3 beyond T H 2-cell differentiation, highlighting how Notch signals are incompatible with high levels of GATA3 expression in early pro-T cells, act at discrete steps in β-selection and directly induce GATA3 during T H 2-cell development. The Notch signalling pathway and GATA3 intersect, but the extent of the relationship differs according to the developmental context. Although the direct effect of Notch on the Gata3 promoter during T H 2-cell development has been described, the molecular mechanisms that underlie the Notch-GATA3 relationship at earlier stages of T-cell development remain to be elucidated. The level of GATA3 expression must be tightly regulated, as shown by the findings that GATA3 overexpression has cytotoxic effects and that inappropriate expression of GATA family transcription factors can divert the development of progenitors into alternative lineages. Although GATA3 is continually expressed during T-cell-lineage development, it is not clear how this single transcription factor directs distinct stage-specific transcriptional programmes. specifically, the molecular mechanism that modulates the expression levels of GATA3, which increase progressively from early thymocytes to CD4 + T cells to differentiated T H 2 cells, remains elusive; the cis-acting element that is responsible for the autoactivation of GATA3 has not been identified. 
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In which x denotes any amino acid. Cf, carboxy-terminal zinc-finger motif; GATA3, GATA-binding protein 3; IFNγ, interferon-γ; IL, interleukin; ND, not determined; Nf, amino-terminal zinc-finger motif; TA, transactivation domain.
furthermore, it is not clear how different levels of GATA3 result in distinct functional outcomes. A recent report describing the crystal structure of the distal zincfinger motif of mouse GATA3 suggests that recognition of adjacent DNA-binding sites can involve either both the proximal and the distal zinc-finger motifs from the same molecule or the distal zinc-finger motifs from two molecules that are self-associated 111 . This study also suggests that, depending on the concentration of GATA3, one or two GATA3 molecules can bind to DNA sequences that contain two GATA motifs 108 . This finding provides an interesting structural explanation for the distinct functional outcomes of low and high levels of expression of GATA3.
At present, the direct transcriptional targets of GATA3 in pro-T cells, CD4 + T cells and invariant NKT cells, in which the levels of expression are much lower than in T H 2 cells, remain largely undefined. studies using chromatin immunoprecipitation and genome-wide profiling are technically challenging when protein levels are low and depend on antibodies. Therefore, new methods to delineate the transcriptional programme that is mediated by GATA3 will be required in the future, together with further studies using stage-specific genetic deletion. understanding the mechanisms by which varied GATA3 expression in a developmentally regulated chromatin landscape induces distinct genetic programmes will increase our ability to dissect and modulate immune responses.
